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Introduction {#j_hukin-2017-0010_s_001}
============

Agility can be defined as an ability to quickly and efficiently change the direction and/or speed of movement ([@j_hukin-2017-0010_ref_018]). It is generally accepted that agility is an important quality in most sports where a quick and effective pre-planned or non-planned change of the direction is required ([@j_hukin-2017-0010_ref_013]; [@j_hukin-2017-0010_ref_021]). To clearly distinguish between capacity when an athlete: (i) has advanced knowledge of the necessary change of the direction (i.e. pre-planned agility); and (ii) has no such information, but must react to unpredictable (mostly visual) stimuli (i.e. non-planned agility), the terms change-of-direction-speed (CODS) and reactive agility are used ([@j_hukin-2017-0010_ref_017]).

Tennis is a sport in which both types of agility performances (i.e. CODS and reactive-agility) are important in specific circumstances ([@j_hukin-2017-0010_ref_004]). Reactive agility is very important in game situations when players are positioned in the frontcourt and exchange shots from a relatively close distance. In these circumstances, players have to react quickly to the opponent's shots and efficiently change their position. Meanwhile, when both players are positioned in the backcourt and deep shots are exchanged, CODS is an important performance quality. In such a position, balls travel between players for a relatively long time, which allows proper positioning regardless of the perceptual and reactive capacities needed in reactive agility performance ([@j_hukin-2017-0010_ref_016]).

Previous studies have confirmed that different agility performances should not be observed as a unique quality ([@j_hukin-2017-0010_ref_018]). Namely, different agility performances are rarely found to be highly correlated, with this mainly depending on the type of movement involved in each agility performance (forward running, backward running, lateral displacement, rotational movements, non-stop running, stop-and-go running, etc.), but also on the number of changes-of-direction included in a performance indicator (i.e. single change vs. multiple changes of direction) ([@j_hukin-2017-0010_ref_018]). It is particularly important that studies have rarely provided evidence of potential differences in agility performances with regard to the sport equipment used in a particular sport discipline.

Most specifically, in certain sports such as tennis, squash or rugby, agility is almost exclusively challenged when the athlete holds sport equipment (a racquet or a ball). The equipment directly influences the movement technique and results in a highly specific agility movement pattern. Although numerous studies have repeatedly observed agility as an important quality in tennis ([@j_hukin-2017-0010_ref_003]; [@j_hukin-2017-0010_ref_005]; [@j_hukin-2017-0010_ref_011]), only a few authors have directly specified use of a racquet during agility testing ([@j_hukin-2017-0010_ref_001]; [@j_hukin-2017-0010_ref_006]). Furthermore, to the best of our knowledge, no studies have compared agility performances between tests executed with and without a racquet.

Therefore, the aim of this study was to evaluate the reliability and validity of several preplanned agility tests, performed with and without a racquet. We also evaluated the relationships between the observed tests in a sample of young tennis players. The increased knowledge in the field will allow more meaningful testing of agility in tennis and provide a basis for the conditioning process aimed at improving agility in this sport.

Material and Methods {#j_hukin-2017-0010_s_002}
====================

Participants {#j_hukin-2017-0010_s_002_s_001}
------------

The sample of participants consisted of 33 tennis players (13 males and 20 females; age: 18.3 ± 1.1 years and 18.6 ± 1.3 years; body height: 185.4 ± 51 cm and 169.3 ± 4.2 cm, 74.0 ± 4.4 kg and 61.2 ± 3.1 kg, respectively). All of them were between 17 and 20 years of age and had practised tennis for more than 8 years. At the moment of testing, their regular training regime comprised 4--5 h of systematic training per day, with one day of rest per week. The majority of the training sessions were tennis-specific (80-90%) with additional 10-- 20% dedicated to strength and conditioning (i.e. strength training, plyometric, agility drills, endurance exercises, etc.). All participants were advanced tennis players and most participated in international-level tournaments, while four of them were members of national teams.

Variables {#j_hukin-2017-0010_s_002_s_002}
---------

Apart from body height and body mass (measured by a Seca scale and a stadiometer; Seca, Birmingham, UK), the sample variables consisted of three agility tests: a 20-yard test, a T-test and the Illinois test, all performed with and without a tennis racquet. All tests were conducted on an outdoor, synthetic tennis court with athletes wearing their preferred sport shoes. At the time of testing, the outside temperature was 20--25°C. To avoid diurnal variation, all athletes were evaluated within approximately the same time frame, from 8 to 10 am. All tests were performed in their standard form and while holding a tennis racquet. For all tests, three trials were performed with 3--5 min rest periods between the trials and tests. Tests were assigned randomly to each participant and approximately one-half of the participants performed non-specific tests (20YARD, ILLINOIS and T-TEST) and then tennis-specific tests while holding a racquet (R_20YARD, R_T-TEST, R_ILLINOIS), while the other half performed the tests in the opposite order. During all tests, a Brower electronic timing gate system (Brower Timing System, Salt Lake City, UT, USA) was used and timing gates were positioned at a height of 0.75 m and width of 3 m. The time was measured with precision of 0.01 s. A warm-up was conducted before the testing and included 10 min of light jogging, mobility exercises and dynamic stretching. Prior to the tests, participants performed several familiarisation trials at a slower tempo.

In the 20-yard test ([Figure 1a](#j_hukin-2017-0010_fig_001){ref-type="fig"}), the participant started with a three-point stance from point A and ran 5 yards to point B, 10 yards in the opposite direction to point C, and then sprinted back 5 yards to point A. This exercise tests lateral change-of-direction-speed which is very common in tennis. The timing began on a sound signal and stopped when the subject had passed through the timing gate on their return.

Figure 1Schemes of the agility tests

For the T-test ([Figure 1b](#j_hukin-2017-0010_fig_001){ref-type="fig"}), four cones were arranged in a T-shape, with cone B placed 9.14 m from cone A, and two additional cones (C and D) placed 4.57 m on either side of cone B. The subjects were asked to sprint forwards from A to B, shuffle 4.57 m to the left to cone C, shuffle 9.14 m to the right to cone D, and shuffle 4.57 m back left to cone B before finally run backwards to cone A. The timing began on a sound signal and stopped when the subject had passed through the timing gate on their return.

The Illinois test is presented in [Figure 1c](#j_hukin-2017-0010_fig_001){ref-type="fig"}. The length of the course (distance between A and B) was 10 m and the width (distance between A and G) was 5 m. The test consisted of sprinting between A and B, sprinting from B to C, slalom running in between C-D-E-F, then again slalom running in the opposite direction (F-E-D-C), sprinting between C and G, and final sprinting between G and H. The cones were used to mark all points (A to H). Cones C-D-E-F were spaced 3.3 m apart. Participants started from a standing position.

Statistical analyses {#j_hukin-2017-0010_s_002_s_003}
--------------------

After assessing the normality (Kolmogorov-Smirnov test), the means and standard deviations were reported for all variables. For all agility tests, the reliability was checked using coefficients of variations (CVs), Cronbach's alpha (CA) and Intra-item correlations (IIRs) ([@j_hukin-2017-0010_ref_007]; [@j_hukin-2017-0010_ref_014]). The CA and IIR were calculated to determine the between-subject reliability, while the CVs were calculated to establish the within-subject reliability of testing.

An ANOVA for repeated measures and a Tukey post hoc test were used to detect any systematic bias between the individual trials of each test ([@j_hukin-2017-0010_ref_007]; [@j_hukin-2017-0010_ref_014]).

To establish the factorial validity of the agility tests, factor analysis with a Guttman-Kaiser criterion of extraction was employed. In addition, the relationships between the tests were determined by Pearson's correlation coefficients ([@j_hukin-2017-0010_ref_014]; [@j_hukin-2017-0010_ref_023]).

The differences between agility performances in the non-specific and tennis-specific tests were evaluated by a Student's t-test for dependent samples.

The statistical significance of *p* \< 0.05 was applied. Statistica ver 12.0 (Statosft, Tulsa OK) was used for all analyses.

Results {#j_hukin-2017-0010_s_003}
=======

Between-subject reliability of the tests as evidenced by Cronbach alpha and IIR ranged from 0.93 to 0.98 and from 0.83 to 0.95, respectively. The highest between-subject reliability was found for the T-TEST and R_ILLINOIS (IIR of 0.95 and 0.95, Cronbach alpha of 0.98 and 0.98, for T-TEST and R_ILLINOIS, respectively). The within-subject reliability as shown by the CV was generally found to be higher for those agility tests performed while holding a tennis racquet (CV of 3--4%) than when performed in standard conditions, namely without a racquet (CV of 5--8%) ([Table 1](#j_hukin-2017-0010_tab_001){ref-type="table"}).

Table 1Reliability analyses of agility tests (CA -- Cronbach Alpha, IIR -- inter-item correlation, CV -- coefficient of variation)MeanSDCAIIRCV20YARD (s)5.540.340.930.830.0520YARD~trial1~5.750.4120YARD~trial2~5.560.3920YARD~trial3~5.510.45T-TEST (s)11.951.100.980.950.06T-TEST~trial1~12.291.01T-TEST~trial2~12.010.99T-TEST~trial3~11.941.10ILLINOIS (s)19.381.420.950.880.08ILLINOIS~trial1~19.491.39ILLINOIS~trial2~19.431.35ILLINOIS~trial3~19.431.60R_20YARD (s)5.400.380.950.890.03R_20YARD~trial1~5.630.39R_20YARD~trial2~5.570.42R_20YARD~trial3~5.550.35R_T-TEST (s)11.851.010.980.930.04R_T-TEST~trial1~12.171.12R_T-TEST~trial2~12.131.15R_T-TEST~trial3~12.141.13R_ILLINOIS (s)19.551.300.980.950.04R_ILLINOIS~trial1~19.801.52R_ILLINOIS~trial2~19.691.56R_ILLINOIS~trial3~19.461.4320YARD -- 20-yard agility test; T-TEST -- agility test over a t-shaped course; ILLINOIS -- Illinois agility test; R\_-- indicates agility testing performed in tennis-specific conditions (athletes held a tennis racquet while performing the test)

When ANOVA was calculated between testing trials, a significant bias was found for all three agility tests performed without a tennis racquet. Post hoc analysis indicated significant differences between the first and second trials for all tests performed in non-specific conditions, with no significant differences between the second and third testing trials. The ANOVA showed no significant difference between testing trials for tests performed in tennis-specific conditions (with a racquet).

The correlations between the non-specific and tennis-specific agility performances were high (r ≥ 0.84) and statistically significant (*p* \< 0.05). The strongest relationship was found between two performances of the T-test (r = 0.97; *p* \< 0.05), while a lower correlation was observed between the tennis-specific and non-specific Illinois agility tests (r = 0.84; *p* \< 0.05) ([Table 2](#j_hukin-2017-0010_tab_002){ref-type="table"}).

Table 2Pearson's correlation coefficients between the standard and tennis-specific agility tests (\* denotes significant correlations at p \< 0.05)R_20YARDR_T-TESTR_ILLINOIS20YARD0.91\*0.85\*0.88\*T-TEST0.91\*0.97\*0.94\*ILLINOIS0.84\*0.85\*0.95\*20YARD -- 20-yard agility test; T-TEST -- agility test over a t-shaped course; ILLINOIS -- Illinois agility test; R\_-- indicates agility testing performed in tennis-specific conditions (athletes held a tennis racquet while performing the test)

The factor analysis calculated for all six tests extracted one significant latent dimension -- factor, with all tests highly projected on the extracted principal component. The latent dimension explained 88% of the tests' common variance ([Table 3](#j_hukin-2017-0010_tab_003){ref-type="table"}).

Table 3Factor analysis of the standard and tennis-specific agility testsFactor20YARD-0.92T-TEST-0.98ILLINOIS-0.93R_20YARD-0.93R_T-TEST-0.97R_ILLINOIS-0.96Expl.Var7.03Prp.Totl0.8820YARD -- 20-yard agility test; T-TEST -- agility test over a t-shaped course; ILLINOIS -- Illinois agility test; R\_-- indicates agility testing performed in tennis-specific conditions (athletes held a tennis racquet while performing the test); Expl Var -- explained variance; Prp.Totl -- proportion of total variance explained; F correlations of the tests with the main component of factor analysis

Players achieved significantly better results in the R_20YARD than in 20YARD (t-value = 2.66; *p* \< 0.05). At the same time, the performance in the ILLINOIS was superior when athletes performed the test in non-specific conditions (without a tennis racquet; t-value = -2.96; *p* \< 0.05). No significant difference was found for the T-TEST and R_T-TEST ([Table 4](#j_hukin-2017-0010_tab_004){ref-type="table"}).

Table 4T-test differences between the tennis-specific and non-specific agility performancesNon-specific\
(without a\
racquet)Tennis-specific\
(with a racquet)Student's t-test\
for dependent samplesMeanSDMeanSDt -- value*p*20YARD (s)5.540.385.400.342.660.01T-TEST (s)11.951.0111.851.101.000.21ILLINOIS (s)19.381.3019.551.42-2.960.0120YARD -- 20-yard agility test; T-TEST -- agility test over a t-shaped course; ILLINOIS -- Illinois agility test

Discussion {#j_hukin-2017-0010_s_004}
==========

There are several important findings of this study. First, the reliability of the applied tennis-specific and non-specific agility tests was high. However, the non-specific agility tests showed somewhat lower stability over the testing trials and lower within-subject reliability than the tennis-specific agility tests. Correlations between all tests indicated the applied tests should be considered as a unique quality, which was further confirmed by factor analysis. Finally, the young tennis players' performance in the agility tests of short duration was better when the test was performed in tennis-specific conditions (i.e. while holding a racquet during the test). Meanwhile, for the agility tests of longer duration, a superior performance was observed in non-specific conditions (without a racquet).

Reliability of the applied tests {#j_hukin-2017-0010_s_004_s_001}
--------------------------------

In general, reliability is the main prerequisite of test applicability as it indicates the testing error ([@j_hukin-2017-0010_ref_002]; [@j_hukin-2017-0010_ref_023]; [@j_hukin-2017-0010_ref_024]). It is widely accepted that both within-subject and between-subject reliability are important indicators of the overall test quality ([@j_hukin-2017-0010_ref_008]). In short, systematic changes between testing trials (i.e. a systematic decrease in performance due to fatigue or a systematic increase due to learning effects) may not necessarily alter the between-subject reliability (i.e. the subject actually retains their relative achievement compared to other test subjects). Meanwhile, in such circumstances, the within-subject reliability (i.e. relative changes in performance for each subject) might be questionable ([@j_hukin-2017-0010_ref_007]; [@j_hukin-2017-0010_ref_019]; [@j_hukin-2017-0010_ref_025]). Considering that in our study both within- and between-subject reliability were found to be appropriate, we may highlight a low measurement error of the tests applied in evaluating agility among advanced-level young tennis players.

Both types of agility tests evaluated herein (i.e. those executed while holding a tennis racquet and those performed without a racquet) have similar between-subject reliability, as indicated by the values of Cronbach Alpha and IIR. However, it is clear that the tennis-specific agility tests have better within-subject reliability (as indicated by CV). A more detailed overview of the descriptive statistics of each single testing trial and a comparison of the testing trials for each test allow a meaningful analysis of such findings. Namely, differences between the trials show evidently smaller changes between trials for the tennis-specific tests. For example, differences between trials for the R_20YARD were 1% (between trial 1 and trial 2), 1.4% (between trial 1 and trial 3) and less than 0.5% (between trial 2 and trial 3). At the same time, between-trial differences for the 20YARD were 3, 4 and 1%, respectively. Evidently, the participants varied in performance when tested in the non-specific agility tests and altogether, this resulted in stronger within-subject reliability for the specific-agility performances.

Our results pointing to the somewhat better reliability of the tennis-specific tests of agility are consistent with previous studies that examined the problem of sport-specific tests in other sports. For example, [@j_hukin-2017-0010_ref_020] recently reported better reliability of basketball-specific tests of preplanned agility compared to more general testing procedures in basketball juniors. Similar results were reported by [@j_hukin-2017-0010_ref_014] who investigated sport-specific and non-specific jumping tests in volleyball, and [@j_hukin-2017-0010_ref_012] who compared the reliability of jumping tests performed on the ground and in the water in a sample of synchronised swimmers. It is interesting to note that the tennis-specific agility tests had better reliability than the standard (nonspecific) agility tests, although the tennis-specific tests were more complex or, at least, more difficult than the standard ones. While performing the tennis-specific tests, the subjects had to run and perform directional changes with a 70 cm long racquet that weighs 300 -- 350 g.

Validity of the applied tests {#j_hukin-2017-0010_s_004_s_002}
-----------------------------

All tests observed herein were found to be highly correlated. Furthermore, factor analysis identified all tests as being significantly projected on a single latent dimension (factor analysis component). As a result, all the agility tests used in this study should be considered as a measure of single capacity, pre-planned agility. These results actually conflict somewhat with previous studies that observed athletes from different sports and frequently reported relatively low correlations between various agility performances. In those studies, authors observed varying agility performances with regard to different movement patterns in a range of agility tests (rotational movement, zig-zag movement, forward-backward running, lateral displacement, stop-and-go, non-stop, etc.), identified relatively independent dimensions and interpreted independent agility performances ([@j_hukin-2017-0010_ref_010]; [@j_hukin-2017-0010_ref_018]). However, the main explanation of the differences between our findings and those reported previously should be found in the sample of tested subjects. In short, the samples in previous studies included athletes from different sports (basketball, soccer, handball, tennis), while we solely examined tennis players ([@j_hukin-2017-0010_ref_010]; [@j_hukin-2017-0010_ref_018]).

Most specifically, it is reasonable to expect that different sports develop *sport-specific agility* such as forward-backward running in basketball, zig-zag sprinting agility in soccer, etc., as indirectly confirmed in recent investigations where authors developed sport-specific agility tests for handball, emphasising the crucial movement agility in this sport (i.e. lateral displacement) ([@j_hukin-2017-0010_ref_015]). Therefore, in those studies including athletes from different sports, a relatively low correlation between different agility tests is actually a natural consequence of the development of some sport-specific type of agility ([@j_hukin-2017-0010_ref_010]; [@j_hukin-2017-0010_ref_018]). For example, soccer players achieved excellent results in zig-zag agility, which is common in their sport, while basketball players showed superior results in agility that included forward-backward running and lateral displacement (i.e. T-TEST) ([@j_hukin-2017-0010_ref_010]; [@j_hukin-2017-0010_ref_017]). This naturally resulted in relatively low correlations between different agility tests and led to the different agility performances being identified as independent qualities. Unlike the aforementioned studies, we only observed tennis players. During their involvement in tennis, they had all developed sport-specific agility. Therefore, a superior agility performance in one test will almost certainly be related to a superior agility performance in other tests, despite possible differences in movement patterns between particular agility tests.

Differences in performance between the specific and non-specific tests {#j_hukin-2017-0010_s_004_s_003}
----------------------------------------------------------------------

Although detecting differences between agility performances in specific and non-specific tests was not the main aim of this study, the results deserve special attention. In short, the subjects achieved better results in the 20-yard test when performing this test with (R_20YARD) compared to without a tennis racquet (20YARD). We should highlight that the 20-yard test includes two changes in direction performed after 5 (first-) and 10 yards (second- change of direction) of a maximal semi-lateral sprint. It could thus be hypothesised that holding a racquet in one's hand should negatively impact the performance, whereas the results we obtained actually pointed to the opposite conclusion. Although somewhat surprising, these results are also a natural consequence of long-term involvement in tennis.

Players included in this study had been involved in tennis for over 8 years. Throughout this period, they participated in thousands of hours of systematic training and tennis matches. In practically all circumstances and situations when they had to perform a quick change of direction, they actually did it while holding a racquet in their hand. As a result, an agility performance without a tennis racquet would be unnatural for them since they were unfamiliar with that type of agility performance. This was directly confirmed in the reliability analyses where we found better within-subject reliability (i.e. smaller between-trial differences in testing results) and a lower CV (i.e. better reliability) for the tennis-specific tests. As a result, superior performances in the R_20YARD compared to the 20YARD were a logical consequence of greater familiarity with the tennis-specific agility performance (which includes a racquet), regardless of the racquet's weight and length.

The contradictory findings of the Illinois tests, where the subjects achieved significantly better results in non-specific testing (i.e. without a racquet) are an outcome of: (i) longer test duration; and (ii) non-specificity of the movement patterns (i.e. locomotion forms) in this test. The Illinois test lasts about 20 s, which is four times longer than the 20-yard test. The longer the test duration, the more apparent the burdening effect of the external load (i.e. the tennis racquet). With duration of 20 s, execution of the Illinois test requires a significant contribution of the lactate metabolism ([@j_hukin-2017-0010_ref_009]). Therefore, the racquet's negative influence is more apparent, which consequently alters the overall performance.

One could argue that performing for 20 s is not uncommon in tennis and, therefore, such test duration should not be considered problematic for tennis players. Indeed, while we can agree with such criticism, the problem of non-specific movement patterns and locomotion forms also deserves attention. The Illinois test comprises locomotion forms that can hardly be seen as standard for tennis. In brief, rotational locomotion actually does not exist in tennis and therefore, players are unfamiliar with it. While such movement is partly a natural locomotion form used in everyday life, at the same time it is completely unnatural if one has to perform it while holding a tennis racquet. Consequently, while a tennis racquet is a 'natural environment' in performance of the 20-yard test, even for tennis players it negatively impacts their performance in the Illinois test.

Study limitations {#j_hukin-2017-0010_s_004_s_004}
-----------------

The main limitation of this study arises from the fact we only studied tests requiring non-reactive agility performances. While reactive agility performance is a crucial factor in overall tennis performance, this should be more precisely studied in the future. Furthermore, our study involved young tennis players and almost twice as many females as males, while the analyses were not gender stratified. Therefore, generalisability of the results is limited for such samples of subjects. However, given the limited number of studies investigating this problem in tennis and in other sports where agility is performed specifically (i.e. while holding equipment such as a racquet and/or a ball), we hope that our results, although not the final word on the problem, will contribute to knowledge in the field.

Conclusion {#j_hukin-2017-0010_s_005}
==========

The tests we used were found to be reliable and applicable for defining pre-planned agility in young tennis players. We contend that agility performance in tennis should be evaluated by tests in which athletes carry out agility manoeuvres while holding a tennis racquet, as actually occurs in the sport.

In testing tennis-specific agility, we suggest using tests of short duration (less than 10 s). Longer test duration will result in higher anaerobic-lactate metabolic demands, making the agility testing questionable. Namely, it is possible that advanced lactate endurance impacts testing results, which should be avoided if the aim is to test agility performance.

Different agility performances observed in this study were highly correlated. It led us to conclude that different types of movement patterns could be used in the agility testing of tennis players. According to our results, agility performance can be effectively evaluated regardless of the locomotion form included in the agility testing protocol. However, non-specific locomotion forms such as rotational movements should be avoided.
